Introduction {#Sec1}
============

IgA nephropathy (IgAN) is recognized as most frequent form of primary glomerulonephritis worldwide. Diagnosis is established exclusively by kidney biopsy where the pathognomonic finding on immunofluorescence microscopy is the presence of mesangial deposits of IgA antibodies. Exact mechanisms leading to development of IgAN are unclear and despite available treatment options, slow progression to end stage renal disease occurs in up to 50% of affected patients \[[@CR1]\]. Therefore, there is still a substantial need for better understanding of mechanisms involved in IgAN pathogenesis and renal regeneration processes.

However, to date, it remains elusive whether pathological changes observed in IgAN are somehow counteracted by the activation of any regenerative mechanisms related to stem cells or other cells with regenerative potential. Stem cells with highest regenerative potential such as hematopoietic stem cells (HSCs), very small embryonic like cells (VSELs), epithelial progenitor cells (EPCs) and mesenchymal stem cells (MSCs) can be found in bone marrow \[[@CR2], [@CR3]\]. Importantly, several reports indicated that bone marrow derived stem cells may support regeneration of such distant tissues as kidney \[[@CR4]\]. These stem cell subsets can differentiate into tubular epithelial cells, mesangial cells, endothelial cells and podocytes \[[@CR5]--[@CR9]\]. Notably, in several mouse models of renal injury, including folic acid induced acute tubular injury and ischemia-reperfusion injury, bone marrow derived cells showed reparative capacity \[[@CR10]--[@CR12]\]. On the other hand, bone marrow derived cells may function as local regulators of inflammatory processes directly via cell-to-cell interaction and indirectly by release of anti-inflammatory mediators, including cytokines, chemokines and growth factors \[[@CR13], [@CR14]\]. In a consequence, they can act as orchestrators of innate and adaptive immune response within injured tissue. This can lead to increased migration and modulation of the function of leukocytes, including monocytes/macrophages \[[@CR15]--[@CR17]\]. In fact, several populations of mononuclear cells such as M2 macrophages and intermediate monocytes characterized by CD14++CD16+ phenotype can support stem cells in some regenerative actions, mostly those related to reconstruction of injured vessels \[[@CR18], [@CR19]\]. These mononuclear cells were shown to support regeneration process mostly by regulation of angiogenesis and the release of several growth factors \[[@CR18], [@CR20], [@CR21]\]. To date, however, our understanding of the mechanisms of renal regeneration in humans remains limited. Therefore, in this study, we wished to evaluate regenerative potential of IgAN patients by enumerating different stem cell subsets as well as monocyte subsets with varying reparatory capacity.

Materials and Methods {#Sec2}
=====================

Patients {#Sec3}
--------

Protocol of the study adhered to the principles of the Declaration of Helsinki and was approved by the local ethics committee. All patients provided informed consent.

Patients were recruited in outpatient clinic of Department of Nephrology. Inclusion criteria were following: clinically stable, biopsy-proven IgAN in stages 1--4 of chronic kidney disease. Exclusion criteria were following: eGFR\<15 ml/min/1,73 m2 (CKD stage 5) as the authors assumed irreversibility of kidney damage, chronic or acute infection or other inflammatory disease, neoplasmatic disease, immunosuppressive treatment at the moment of recruitment and in the 12 months preceding recruitment.

All patients were Caucasian. Mean age was 44 years. There were 12 females in study group. Majority of the patients received RAAS blockade in maximal dose (ACE-I/ARB). 19 (73%) persons had well-controlled hypertension. 16 (62%) patients received immunosuppressive (steroids) treatment in the past. Full clinical characteristic of the patients is given in Table [1](#Tab1){ref-type="table"}.Table 1Clinical characteristic of study populationPARAMETERIGANCONTROLSN2617Age mean (SD)44 (12)43.4 (10.3)Gender (Female/Male)12/1411/6Stages of CKD (n/%) Stage 17 (27) Stage 26 (23) Stage 36 (23) Stage 47 (27)Patients receiving RAAS blockade in maximal dose (n/%)18 (69)Patients without any RAAS blockade (n/%)2 (8)History of immunosuppressive treatment (n/%)16 (62)Hypertension (n/%)19 (73)Laboratory parameters (mean, SD) Creatinine (mg/dl)1.72 (1.04) eGFR (ml/min/1,73m^2^)60.81 (37.48) CRP (mg/l)3.08 (5.27) WBC (10^9^/l)7.5 (1.84) RBC (10^9^/l)4.48 (0.60) HGB (g/dl)13.61 (1.77) PLT (×10 \[[@CR9]\]/l213.5 (48.89) Urine protein to creatinine ratio (uPCR) (mean,SD)1.22 (1.43) Presence of hematuria (n/% of pts)18 (69)

The healthy controls were 17 Caucasian volunteers, 6 men and 11 women, and the mean age was 43.4 ± 10.3 years (range, 29--63 years).

Fasting peripheral blood samples were obtained from all recruited patients and controls and immediately transferred to the laboratory.

Flow Cytometry {#Sec4}
--------------

600 μl (for VSELs and HSCs), 200 μl (for EPCs) and 100 μl (for monocytes) of fresh EDTA-anticoagulated whole blood was stained with a panel of monoclonal antibodies (mAbs; described in detail in Table [2](#Tab2){ref-type="table"}) according to stain-then-lyse-then-wash protocol as described previously \[[@CR20], [@CR22], [@CR23]\]. Briefly, samples were incubated in presence of mAbs for 30 min at room temperature in the dark. Next, 3 ml of FACS lysing solution (Becton Dickinson Bioscience) were added, followed by 15 min incubation at room temperature in the dark. Cells were washed twice in PBS and fixed with CellFix (BD) and analyzed by FACSCanto flow cytometer (BD). Appropriate fluorescence-minus-one (FMO) controls were applied for setting correct compensation and assuring proper gating. Obtained data were analyzed with FlowJo software (TreeStar inc.). Utilized gating strategies are presented on Fig. [1](#Fig1){ref-type="fig"}a for VSELs and HSCs; Fig. [2](#Fig2){ref-type="fig"}a for CD34+ cells and EPCs; and Fig. [3](#Fig3){ref-type="fig"}a for different monocyte subsets.Table 2Panel of monoclonal antibodies used for flow cytometry staining'sCellular MarkerFluorochromeOrigin/isotypeCloneSupplierAnti-human lineage cocktail (lin2)CD3FITCMouse / IgG1SK7Becton DickinsonCD19FITCMouse / IgG1SJ25C1Becton DickinsonCD20FITCMouse / IgG1L27Becton DickinsonCD14FITCMouse / IgG2bMP9Becton DickinsonCD56FITCMouse / IgG1NCAM16.2Becton DickinsonCD235aFITCMouse / IgG2bGA-R2Becton DickinsonCD45PEMouse / IgG1HI30Becton DickinsonCD133APCMouse / IgG1AC133Miltenyi BiotecCD14PerCPMouse / IgG2bMφP9Becton DickinsonCD16FITCMouse / IgG1NKP15Becton DickinsonCD34FITCMouse / IgG18G12Becton DickinsonCD144PEMouse / IgG155-7H1Becton DickinsonCD309PEMouse / IgG89106Becton DisckinsonFig. 1VSELs, but not HSCs are effectively mobilized to the periphery in IgA nephropathy patients. Representative gating strategy for flow cytometric enumeration of VSELs and HSCs (**a**). Summary of flow cytometry analyses of VSELs (**b**) and HSCs (**c**)Fig. 2Flow cytometry analyses of total CD34+ cells and EPCs. Representative gating strategy for enumeration of total CD34+ cells and EPCs (CD34 + CD309 + CD133+) in peripheral blood (**a**). Summary of flow cytometry analyses of total CD34+ cells (**b**) and EPCs (**c**)Fig. 3Elevated numbers of circulating intermediate (CD14++CD16+) monocytes in IgA nephropathy patients. Representative gating strategy for flow cytometric enumeration of different monocyte subsets (**a**). Summary of flow cytometry analyses of (**b**) classical (CD14++CD16-), (**c**) intermediate (CD14++CD16+) and non-classical (CD14 + CD16++) monocytes

VSELs and HSC were gated as small (2-4um)/lin-/CD235a-/CD45-/CD133+ and small (2-4um)/lin-/CD235a-/CD45+/CD133+ cells, respectively. First, peripheral blood cells were visualized based on FSC and SSC signals. The 2-4um gate was set up according to size predefined beads. The threshold on FSC was set very low. Events from 2-4um gate were further analyzed for lineage markers and CD235a expression. Finally, lineage negative and CD235a negative events were gated and visualized on CD45/CD133 plot, and VSEL and HSC numbers were assessed.

EPCs were determined by CD34 + CD309 + CD133+ phenotype. First, all events were visualized based on FSC and SSC signals. Next, peripheral blood mononuclear cells (PBMC) were gated according to event size and granularity (lymphocyte and monocyte region was included, while debris and granulocyte region were excluded). Cells from PBMC gate were further analyzed for CD34 expression, and CD34+ cell numbers were determined. Next, CD34+ events were subsequently analyzed for CD309 expression. CD34 + CD309+ events were gated and visualized on CD133 histogram, and EPC numbers were determined.

Monocytes were gated according to both size and granularity on FSC/SSC plot and CD14 expression and granularity on CD14/SSC plot. Next, a boolean gate was generated as a sum of monocyte and CD14 + SSCint subset. Finally, frequencies of different monocyte subsets were assessed on the CD14/CD16 plot.

Immunoassay {#Sec5}
-----------

Soluble form of CD163 (sCD163), SDF-1, Angiopoietin-1 (Ang-1) and Angiopoietin-2 (Ang-2) levels in EDTA-plasma samples from patients with IgAN and normal donors were measured by means of commercially available enzyme-linked immunosorbent assays (DuoSet, R&D Systems) as previously described \[[@CR24]\]. Protein levels were analyzed with automated light absorbance reader (LEDETEC96 system). Results were calculated according to standard curve by MicroWin 2000 Software.

Statistics {#Sec6}
----------

Statistical analysis was carried out using GraphPad Prism 6 (GraphPad software). U Mann-Whitney test was used to assess differences between analyzed groups. Spearman correlation coefficient was used to determine correlations between variables. The differences were considered statistically significant at *p* \< 0.05. The results are presented as median (interquartile range).

Results {#Sec7}
=======

First, we aimed to quantitate the regenerative potential of IgAN patients by analyzing numbers of different circulating stem and progenitor cell subsets. We found that IgAN patients presented with significantly higher numbers of VSELs as compared to healthy controls (Fig. [1](#Fig1){ref-type="fig"}b). In contrast, the number of HSCs (Fig. [1](#Fig1){ref-type="fig"}c), total CD34+ cells (Fig. [2](#Fig2){ref-type="fig"}b) and EPCs (determined by CD34 + CD309 + CD133+ phenotype, Fig. [2](#Fig2){ref-type="fig"}c) in IgAN patients did not differ from controls. Moreover, we did not find significant correlations among frequencies of analyzed stem cell subsets and the biochemical parameters typical for kidney disease progression, namely: glomerular filtration rate (eGFR), protein extraction (uPCR), presence of hypertension and the doses of renin-angiotensin system inhibitors.

Next, we wished to analyze the differential distribution of different monocyte subsets with varying phenotypic and functional (including regenerative potential) properties, namely classical (CD14++CD16−), intermediate (CD14++CD16+) and non-classical (CD14 + CD16++) monocytes. Interestingly, in IgAN patients we found significantly higher numbers of intermediate but not classical and non-classical monocytes when compared to normal donors (Fig. [3](#Fig3){ref-type="fig"}). Again, we did not find significant correlations between different monocyte subsets and biochemical parameters of kidney disease progression.

Having found increased numbers of VSELs and intermediate monocytes in peripheral blood of IgAN patients, we next set out to analyze whether their higher frequencies could have been associated with altered levels of already acknowledged chemotactic factors for VSELs and intermediate monocytes with proangiogenic potential, namely SDF-1 and Ang-1, Ang-2, respectively. However, levels of above mentioned chemotactic markers were similar in IgAN patients and healthy donors (Fig. [4](#Fig4){ref-type="fig"}). In addition, we did not find significant correlations between concentrations of these factors and numbers of analyzed stem cell subsets except for quite surprising significant (but still weak) correlation between SDF-1 levels and frequencies of intermediate monocytes (*r* = 0.0707; *p* = 0.0477).Fig. 4Serum levels of SDF-1 (**a**), Ang-1 (**b**) and Ang-2 (**c**) in IgA nephropathy patients and healthy controls

Finally, we analyzed levels of soluble form of CD163, the protein that is most widely expressed by intermediate CD14++CD16+ monocytes \[[@CR25]\]. Although, the function of soluble CD163 is not well recognized, however, detection of its elevated levels is widely considered the consequence of increased monocyte/macrophage activation \[[@CR26]\]. Interestingly, we found significantly elevated levels of sCD163 in IgAN patients when compared to normal donors (Fig. [5](#Fig5){ref-type="fig"}). Somewhat surprisingly, sCD163 levels were negatively associated with SDF-1 levels (*r = −0*.3435; *p =* 0.0300) and positively correlated with Ang-2 levels (*r* = 0.4324; *p =* 0.0053).Fig. 5Elevated serum level of sCD163 in IgA nephropathy patients

Discussion {#Sec8}
==========

In this study, we demonstrated that IgAN is associated with selective mobilization of VSELs but no other studied stem cell subsets. These findings point to two important explanations. First, chronic inflammation underlying IgAN can be related with activation of processes that are related with effective inhibition of stem cell subsets with very high regenerative potential such as HSCs or EPCs. Thus, further characterizing mechanisms accounting for inhibition of HSC- and EPC-related regeneration in IgAN could support the development of novel strategies aimed at decreasing the dynamics of kidney tissue damage. On the other hand, however, selective enhancement of VSELs in IgAN suggests unique role of this stem cell subset in the pathogenesis of this disorder. This notion could be also of clinical importance given very high regenerative potential of VSELs \[[@CR2], [@CR27], [@CR28]\]. It remains to be established in further pre-clinical settings, whether naturally occurring mobilization of VSELs in IgAN can be further pharmacologically augmented in order to effectively counter-balance the effects of kidney injury.

Similarly, to our study, increased numbers of VSELs were observed previously in several other inflammatory disorders including myocardial infraction, pulmonary hypertension, COPD, stroke, active inflammatory bowel disease and cancer \[[@CR2], [@CR29]--[@CR33]\]. It is believed, that spontaneous mobilization of VSELs into circulation depends on several factors released by injured or inflamed tissues, including SDF-1, hepatocyte growth factor (HGF), and leukemia inhibitory factor (LIF) signaling \[[@CR31], [@CR34]--[@CR36]\]. Since, somewhat surprisingly, in this study we found no association between VSEL numbers and SDF-1 levels, we hypothesize that in IgAN settings, VSELs mobilization might be induced in SDF-1 independent manner.

Local excessive immune responses observed in many degenerative and autoimmune disorders, including IgAN cause considerable damage to tissues and may significantly affect proper organ function. These pro-inflammatory responses (related for example with IgA-secreting B cells) are expected to be counteracted by cells with anti-inflammatory properties, including M2 macrophages, regulatory T cells, tolerogenic dendritic cells and mast cells \[[@CR18], [@CR37]--[@CR40]\]. Importantly, several reports indicated increased numbers of IgA-containing B cells, IgA-specific T-helper cells and decreased activity of regulatory T cells in IgAN patients \[[@CR41]--[@CR43]\]. To date, however, no studies in IgAN patients were assessing these monocyte subsets that are known to play regulatory and regenerative functions. Here, in our group of IgAN patients, we found significantly increased numbers of circulating intermediate CD14++CD16+ monocytes. Interestingly, intermediate CD14++CD16+ monocytes were shown, by our and other groups, to possess reparatory and proangiogenic potential \[[@CR20], [@CR24], [@CR44], [@CR45]\]. In fact, these cells may produce high amounts of anti-inflammatory cytokines and represent predominant population of circulating pro-angiogenic (Tie-2 expressing) leukocytes \[[@CR44], [@CR46], [@CR47]\]. To date, increased numbers of pro-angiogenic/reparatory monocytes were reported in several inflammatory and degenerative disorders including cancer \[[@CR24]\]. In these conditions, intermediate monocytes were considered precursors of anti-inflammatory M2-macrophage \[[@CR24], [@CR48]\]. Therefore, increased frequencies of intermediate CD14++CD16+, but not non-classical CD14++CD16- monocytes observed in this study in IgAN patients, may reflect their enhanced maturation towards M2-like anti-inflammatory cells. That hypothesis can be partially supported by our detection of increased plasma levels of sCD163 in IgAN patients. Since the expression of CD163 may be upregulated by anti-inflammatory signaling, CD163 is recognized as a marker of activation of anti-inflammatory M2 macrophages \[[@CR49]--[@CR51]\]. Importantly, soluble form of CD163 is released into circulation by proteolytic cleavage of extracellular part of the protein \[[@CR26]\]. Thus, increased levels of sCD163 observed here, might be a consequence of local kidney-related activation of alternatively activated M2 macrophages. However, it is not certain whether M2 macrophages can necessarily play only anti-inflammatory and reparatory roles in IgAN. Recent reports indicated that CD163+ macrophages were selectively localized at sites of glomerular fibrinoid necrosis and were involved in crescent disease, acute tubular injury and glomerular lesions of IgAN \[[@CR49]\]. Moreover, Gutiérrez and collaborators indicated that CD163 positive macrophages infiltration determine long-term renal outcome in macro hematuria-induced acute kidney injury of IgAN \[[@CR52]\]. Furthermore, Endo and collaborators found that urinary sCD163 may serve as a biomarker of glomerular inflammation in lupus nephritis \[[@CR53]\]. Notably, however, in this report we found no correlation between frequencies of precursors of M2 macrophages, CD14++CD16+ intermediate monocytes as well as sCD163 plasma levels and widely acknowledged disease progression parameters. Thus, our report adds to the current knowledge on the role of M2-like mononuclear phagocytes in IgAN by showing their increased activation but not relationship with the extent of tissue damage.

In summary, we demonstrated here that IgAN is characterized by selective augmentation of VSELs but not HSCs and EPCs as well as enhanced maturation of monocytes expressing M2-like and angiopoietic phenotype. These findings not only contribute to better understanding of the role of regulatory and regenerative mechanisms in IgAN but could also suggest several targets for development of novel therapies aimed at modulation of dysregulated stem cell or leukocyte functions.
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